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What is the internal structure of the pseudo-scalar mesons, and how it is related to their
Goldstone boson nature ? Very well suited for IQCD
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Lattice QCD setup

2+1 flavor HISQ (HotQCD) lattices, pions boosted along the z-direction

HYP smeared clover action for valence quarks, mfral ~ 300 MeV
483 x 64, a = 0.06 fm, P™* = 2.15 GeV, 64%, a = 0.04 fm, P = 2.40 GeV

z

64, a = 0.076 fm, m, = 140 MeV, P™% = 2GeV (D)
2T Boosted sources
Fe = T 0, 1,2, 3,4, 5 Bali et al, PRD 93 (‘16) 094515
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LaMET and pion PDF

1) Quasi-PDF approach (x-space matching):
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Light cone PDF  Access the z-dependence for PDF, except for z — 0 and x — 1

2) Short distance factorization:

Wilson coefficients Cn =1+ a.CY (122?) + ...

iz P, . LR
h(z, Py, ) = ZC % 2AQCD7 (2 >u:/1 dzz" f,(z, )
A=zP, - Ioffe time; one needs large A to probe higher moments of PDF

1) And 2) are equivalent in the infinite momentum limit 7, — oo

Renormalization: RI-MOM, ratio scheme, hybrid scheme




Valence pion PDF from x-space matching at NNLO

Hybrid renormalization:
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W PDF, P* = 0.48 GeV
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W PDF, P° = 1.45 GeV
W PDL, P7 =1.94 GV
W PDF, P? =242 GeV

P.-dependence: f,(z) + a, /P>
= results are reliable at x,
where a,, /P?|f,(x)] < 0.1

P.-dependence of the result
is small for P, > 1.45 GeV

Good agreement between the lattice
results and the results from global
analysis



Valence pion PDF from short distance factorization: moments

Generalized ratio scheme:
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Valence pion PDF short distance factorization: fits of PDF

4.0
DNN-abAsymp Bl JAM21nlo
1.0 I--I(;...,,..@ m, = 140 MeV, P;J = 0.25 GeV 35F Model-4p L= JAM21nlonll
L g — -~ xFitter
E
— 0.8} —
N “%%{
Q.
N 0.6 ; ™
Q. & P,=0.51GeV Ig T =
N 0.4F ¢ P,=0.76GeV E I (S
= P,=1.02 GeV
2 0.2+t 4 P,=1.27 GeV
¥ P,=1.53 GeV
ool * PZ=I1.78 GeVI | | |
0 1 2 3 4 5 6
zP, 5
4.0
. . 2,
2 and 4 parameter forms of valence pion PDF: S5l DNM-abAsymp. &7 =9
' B P,=1.78 GeV, m;=140 MeV, a=0.076 fm
30 P,=1.72 GeV, m;=300 MeV, a=0.06 fm
fv (.CI?, O{, 5) — N$a(1 . $)B, ) Efg;;fjfev' m,=300 MeV, a=0.04 fm
2.5
. _ (e’ .
folz;a, B, 5,t) = N'z%(1 — )P (1 + s\/z + tz), <
>

Deep Neural Network (DNN)
agreement with x-space matching




Valence PDF of excited pion

Valence PDF of first radial excitation of the pion, 7(1300) on a = 0.04 fm with
my = 300 MeV
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The lance PDF is much larger than for the ground state in the intermediate x
region = all moments up to the 4th one are larger



Pion distribution amplitude
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Pion distribution amplitude

Conformal OPE inspired fit form
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Agreement with direct fits of moments




Pion form factor

Form factors are sensitive to the light quark masses

64*, a = 0.076 fm, m, = 140 MeV, P, ~ 2GeV

Colangelo et, al 18 1.8} Colangelo et, al 18 ‘
I CERN I CERN i |||||
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Lattice and experimental results on the pion form factor agree

Lattice results also agree with the results of the dispersive analysis of the time-

like pion form factor ¢ ).101e0, Hofferichter, Stoffer, JHEP 02 (2019) 006

The monopole Ansatz F(Q?) = (1 +Q*/M?)~1, M ~ 0.8 GeV works well
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Pion form factor (con’t)

Pion charge radius: (r2) = _GdF”—((’f)\ (r2) = 6/M? for monopole fit
. TW = dQQ Q2:0 T
6(1/F.(Q%) —1) .
The effective radius r? If (Q?) = 1/ gz )~ 1) is constant for all Q2
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0.7
0.5
0.6
ST ¢ ('\E 0.5 T
E 03fF" E ii % jTr = ooal . E E
& il S '
O 021 a=0.04fm ¥ - < 03
N:‘T’ 01l T (ry) & n,=1 nz=3 N:a l ® CERN a=0.06 fm
() & n:=2 & Breit °1" F a=0.076 fm T a=0.04 fm
%0 02 o4 ofg 0.8 , 10 12 14 0.0, 5 10 15 >0 >5
Q< (GeV~) Q2/m?

Pion form factor is very sensitive to the quark mass

(r2) = 0.42(2) fm?  (monopole fit, z-expansion) (r2)ppc = 0.434(5) fm?
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Kaon form factor

H.-T. Ding, X. Gao, A.D. Hanlon, N. Karthik, S. Mukherjee, PP, P. Scior, Qi Shi, S. Syritsyn, Y.
Zhao,

Use Breit-Frame and boosted source to reach large momentum transfer
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Summary

« Valence pion PDF is very suitable for LaMET based lattice studies and current
lattice results agree with and complement pion PDF obtained with global analysis

« There is good consistency between different lattice approaches for pion PDF

» First result for excited pion valence PDF show that it is much harder than
for the ground state pion

» Pion DA can be estimated from the lattice and it is very different from the asymptotic
regime or flat form

« Pion and kaon form factor can be studied at large momentum transfer

using lattice QCD and the first result indicate very different behavior from naive
perturbative behavior
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Back-up: perturbative convergence at small z
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